Inorganic nanoparticles including semiconductor quantum dots, iron oxide nanoparticles, and gold nanoparticles have been developed as contrast agents for diagnostics by molecular imaging. Compared to traditional contrast agents, nanoparticles offer several advantages: their optical and magnetic properties can be tailored by engineering the composition, structure, size, and shape; their surfaces can be modified with ligands to target specific biomarkers of disease; the contrast enhancement provided can be equivalent to millions of molecular counterparts; and they can be integrated with a combination of different functions for multi-modal imaging. Here, we review recent advances in the development of contrast agents based on inorganic nanoparticles for molecular imaging, with a touch on contrast enhancement, surface modification, tissue targeting, clearance, and toxicity. As research efforts intensify, contrast agents based on inorganic nanoparticles that are highly sensitive, target-specific, and safe to use are expected to enter clinical applications in the near future.
Although small molecules such as organic dyes and radioisotopes conjugated to targeting ligands have been widely used as contrast agents in both research and clinical settings [2, 3] , inorganic nanoparticles (NPs) are receiving increasing attention as future contrast agents because of their superb properties [4] [5] [6] [7] [8] . For example, semiconductor quantum dots (QDs) exhibit not only optical emission wavelengths similar to organic dyes (with peaks tunable in the visible and near-infrared regions) but also unique features such as superior brightness, extraordinary photostability, and multi-color capability under single source excitation [4] . Inorganic NPs can also be readily designed and prepared to include an array of properties (e.g., magnetic and optical scattering, absorption, or luminescence) for use with multiple imaging modalities [9] [10] [11] [12] [13] [14] [15] [16] . In addition, the surfaces of inorganic NPs can be easily conjugated with different functional groups without changing their physical properties, making it feasible to selectively target the site of interest (e.g., cancerous tissue) for maximum contrast enhancement [17, 18] .
Nanoparticles made of organic materials (e.g., liposome, micelles, and polymeric particles) have also been explored as contrast agents for molecular imaging [19, 20] . However, most of them are simply used as carriers to encapsulate functional components such as inorganic NPs, coordination compounds, and organic dyes. Part of the reason can be attributed to the fact that most organic materials that can be easily and conveniently processed as NPs do not exhibit relevant magnetic and optical properties. Some organic materials such as conjugated polymers do exhibit interesting and tunable optical (fluorescence) properties, but they can be difficult to process and degrade in the body. As a result, inorganic NPs are beginning to receive more attention than their organic counterparts as contrast agents for molecular imaging.
Here, we highlight recent progress in the development of new contrast agents based on inorganic NPs for molecular imaging. Specifically, we first introduce imaging modalities that can benefit from contrasts agents based on inorganic NPs, and we concentrate on some of the most extensively explored systems that are in various stages of preclinical and clinical development. We then discuss the mechanisms of targeting for inorganic NPs by engineering the surface properties. We also touch upon the clearance and toxicity issues associated with inorganic NPs. Finally, we elaborate on a set of recent applications enabled by contrast agents based on inorganic NPs.
Molecular imaging modalities
Inorganic NPs is an actively explored technology for the development of contrast agents for molecular imaging. Figure 1 and Table 1 list the types of inorganic NPs being developed as imaging agents, and Figure 1 also shows some typical examples of inorganic NP-based molecular imaging [6, 9, [13] [14] [15] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Before discussing the performance of these contrast agents, it is helpful to give a brief introduction to the imaging modalities whose success will greatly benefit from these contrast agents. We divide these modalities into two major groups, depending on the penetration depth.
Deep-tissue modalities
Magnetic resonance (MR) imaging [34] -MR imaging is used clinically to visualize the structure and function throughout the body. MR imaging detects the different proton relaxation times (T) of water in response to a strong field in the radio frequency (RF) range. It offers great contrast between different soft tissues of the body. There are two types of MR imaging mechanisms: T1-weighted and T2-weighted. T1, the "longitudinal" relaxation time required for a substance to regain longitudinal magnetization following an RF pulse, represents the correlation between the frequency of molecular motions and the Larmor frequency. The frequencies of small molecules (e.g., water) and large molecules (e.g., proteins) are significantly different from the Larmor frequency and thus have long T1. By contrast, cholesterol, a medium-sized molecule, has natural frequencies close to those used for MR imaging, hence it has a short T1. Thus, cholesterol-rich tissues appear bright while water and proteins looks dark on T1-weighted images. T1 can be decreased from an interaction between the unpaired electrons in the paramagnetic iron (or gadolinium ions) and the protons in water.
T2 is the "transverse" relaxation time, which is a measure of how long the resonating protons of a substance can be coherent or rotated by a following 90° RF pulse. Depending on whether the protons can align with/against the external magnetic field, the local regions of increased/decreased magnetic fields can be created by the fluctuating magnetic fields of the substance. Following the 90° RF pulse, the protons might lose their coherence and transverse magnetization can be lost. This results in T2 relaxation. The existence of a magnetic contrast agent in the tissue results in short T2.
Positive contrast agents (i.e., those containing gadolinium, manganese, or iron ions) appear brighter on MR images owing to a reduction in T1. By contrast, negative contrast agents (appearing darker on MR images) result in shorter T1 and T2. They are usually small particles and aggregates such as superparamagnetic iron oxide NPs.
Computed tomography (CT) imaging [35]
-CT is one of the most heavily utilized clinical imaging modalities. CT uses radiation-rays to create a three-dimensional image by employing tomographic imaging techniques. Because of this, it can quickly image various diseases throughout the entire human body. Contrast in the image between different tissues arises from differential attenuation of X-rays in the body. X-ray attenuation is very efficient in bone, but less so in soft tissues. Therefore, for imaging soft tissues, CT might require a contrast agent to help attenuate X-ray in the vicinity of soft tissues. Although there has been a debate regarding the risk of cancer due to frequent exposure to X-rays, this convenient modality has provided valuable information to help cure disease.
Positron emission tomography (PET) [36]
-PET is a clinically used, nuclear imaging technique, and it produces a three-dimensional image of functional processes in the body. The modality detects gamma rays indirectly emitted by a positron-emitting radiotracer (contrast agent). Images of the tracer in the body are reconstructed by computer analysis. Depending on the purpose of imaging, the tracers can be either a biologically active molecule (e.g., fluorodeoxyglucose) or metal isotopes chelate compounds, such as 64 Cu-1,4,7,10-tetraazacyclododecane-N,N',N",N'"-tetraacetic acid (DOTA) chelate [37] [38] [39] [40] . Because the metal chelates are generally not considered to be inorganic NPs, we do not give a detailed account on this class of contrast agents. Instead, we will touch on these contrast agents when we discuss the inorganic hybrid NPs for dual imaging modalities.
Shallow-tissue modalities
Optical coherence tomography (OCT) [41] -OCT captures three-dimensional images from optical scattering media (e.g., biological tissue), and it sometimes can provide submicrometer resolution. However, the imaging depth in OCT is limited by optical scattering rather than absorption because scattering tends to attenuate and randomize the light. Depending on the wavelength of light, this technique can achieve imaging depths of up to 2 mm in most tissues. This technique has been used clinically for some applications such as eye examination and has been tested in vivo and ex vivo for cancer diagnosis. In order to generate sufficient contrast, the imaging agents for this modality need to have large scattering cross sections.
Photoacoustic tomography (PAT) [26] -PAT is a hybrid imaging modality that provides strong optical absorption contrast and high ultrasonic resolution. Because the spatial resolution beyond one optical transport mean free path (~1 mm) is determined by ultrasonic parameters, the maximum imaging depth and resolution of PAT are scalable when diffusive photons are available. One can greatly increase the penetration depth of PAT with near-infrared light because the optical absorption of hemoglobin and scattering of tissues are weak in this regime. Therefore, a proper combination of PAT with the right contrast agent can accurately detect and diagnose tumors. As in the case of OCT, the imaging depth depends on the wavelength of light, but the imaging depth (~30 mm) is higher than OCT. This modality is currently being evaluated in vivo. Additionally, contrast agents for PAT need to have large absorption cross sections.
Two-photon microscopy [42]-Two-photon microscopy is a fluorescence-based technique that offers images of living tissue up to ~1 mm in depth. It usually uses red-shifted light to minimize scattering in the tissue, and the background signal is strongly suppressed owing to multiphoton absorption. It is being tested in vivo. Recently, Nguyen and colleagues reported that surgery with molecular fluorescence imaging can be efficient for complete removal of tumors [43] . The results might suggest a breakthrough in the application of twophoton microscopy for molecular imaging to overcome the disadvantage of imaging depth. [44] -SERS utilizes the enhancement of Raman scattering by molecules adsorbed on surfaces of metal NPs. The increment can be as much as 10 14 -10 15 , hence Raman-active dyes placed on the surface of gold and silver colloids will exhibit greatly amplified Raman signals. The ability of gold colloids to easily conjugate with targeting ligands enables the detection of tumors in vivo using this technique [15, 28] . Contrast agents for this modality additionally require Raman active molecules (i.e., SERS probes) on the surface of gold or silver colloids.
Surface-enhanced Raman spectroscopy (SERS) imaging

Major inorganic nanoparticles for molecular imaging
Among the inorganic NPs displayed in Figure 1a , iron oxide NPs have been used clinically as contrast agents for MR imaging, whereas the other two have been mainly evaluated in the preclinical setting. In addition, recent advances in synthesis have produced many novel NPs with potential applications in molecular imaging and Table 1 shows a partial list of these inorganic NPs. These and additional examples can also be found in The Molecular Imaging and Contrast Agent Database (MICAD, http://www.ncbi.nlm.nih.gov/). In principle, one can easily design a contrast agent based on an inorganic NP with desired properties for a specific imaging modality because the electronic, optical, and magnetic properties of NPs can be tailored and fine tuned by controlling the composition (e.g., metals, semiconductors, and metal oxides), geometry (e.g., size and shape), and structure (e.g., solid, hollow, and coreshell). In this section, we briefly discuss a few examples, including semiconductor QDs and magnetic, gold and rare-earth doped NPs. Specifically, we want to illustrate why these NPs are attractive as contrast agents for a specific imaging modality.
Semiconductor quantum dots
Semiconductor QDs are nanocrystals with typical sizes in the range of 1-10 nm. Unlike the bulk semiconductors, these minuscule structures exhibit discrete energy levels and tunable optical absorption/emission properties that are dependent on their size, shape, and chemical composition [45, 46] . Compared with organic dyes and fluorescent proteins, QDs offer a broader range of emission spectra that cover both the visible and near-infrared (NIR) wavelengths, exhibit larger absorption coefficients, and have much higher photostability [4] . Therefore, QDs have been extensively explored and are commercially available from several companies as contrast agents for fluorescence imaging modalities including both single-and multi-photon microscopy [21] [22] [23] 47] . Some QDs can also be applied as contrast agents for photoacoustic imaging [10] .
Magnetic nanoparticles
Magnetism is highly sensitive to size and temperature because this property arises from the collective interaction of atomic magnetic dipoles. When a ferro-or ferrimagnetic magnet is reduced to a critical size (r c ), it will change from a state that has multiple magnetic domains to one with only one single domain. Below this critical size, the thermal energy becomes comparable to what is needed for spins to flip, leading to randomization of the magnetic dipoles in a short period of time. Such nanoparticles are referred to as superparamagnetic as they do not have permanent magnetic moments in the absence of an external field but can quickly respond to an external magnetic field [48] . Hard (high coercivity) and soft (low coercivity) ferromagnetic materials are characterized by different values of r c : for spherical NPs, the r c is typically 3-4 nm and over 20 nm for very hard and soft magnetic materials, respectively [48] .
More than ten types of superparamagnetic NPs are now commercially marketed as contrast agents for MR imaging. The most commonly utilized superparamagnetic NPs are those based on iron oxides, generally smaller than 20-30 nm in size. Iron oxide NPs enhance proton relaxation of specific tissues and can serve as MR contrast agents for clinical diagnosis [49, 50] . Both γ-Fe 2 O 3 (maghemite) and Fe 3 O 4 (magnetite) NPs have been investigated as MR contrast agents for more than two decades and are already approved for clinical use in the Europe [6, 9, 51] . Other types of magnetic NPs have also been prepared and actively explored for MR imaging, including those doped with alternative metals to achieve higher relaxivities than the commercially available varieties ( 
Gold nanoparticles
Gold NPs can show strong extinction peaks in the visible and NIR regions. Such strong extinction peaks originate from the collective oscillations of their conduction electrons in the presence of an incident light, a phenomenon commonly known as localized surface plasmon resonance (LSPR) [7, 8] . Because of LSPR, gold NPs can strongly scatter and/or absorb light, and the magnitude of light being scattered or absorbed is largely determined by their sizes and internal structures (solid vs. hollow) [61] . It is relatively straightforward to control these parameters to tune LSPR properties of gold NPs for a specific imaging modality. For example, gold NPs with relatively large scattering cross sections are ideal for enhancing the contrast in OCT [62] whereas PA imaging requires the use of gold NPs with large absorption cross sections [16, 26, 27] . In addition, gold NPs can have large absorption coefficients against the X-ray source used for CT imaging [13, 14, 31] ; exhibit a photoluminescence capability suitable for multi-photon microscopy [29, 30] ; and even enhance the intensity of Raman-active molecules for the SERS technique [15, 28] . To date, four different types of gold NPs have been tested in a preclinical setting as contrast agents for molecular imaging: nanospheres [8] , nanocages [7] , nanorods [8, 15] , and nanoshells [63] .
Rare-earth doped nanoparticles
Owing to their luminescence properties, rare-earth ions are often used for optoelectronic applications, with notable examples including the Nd:YAG (neodymium-doped yttrium aluminum garnet) laser and Erbium-doped fiber amplifiers used in optical-fiber communication systems. Similar to QDs, rare-earth doped NPs exhibit sharp emission peaks (sharper than QDs), long fluorescence lifetimes, high quantum yields, and excellent photostability. For these reasons, they possess great potential for noninvasive and real-time in vivo diagnosis of disease [32, 33] . The synthesis and optical properties of rare-earth doped NPs have been actively studied and their application in biomedicine is being explored and expanded [64, 65] .
Surface modification of inorganic nanoparticles
The surfaces of inorganic NPs often need to be modified: i) to allow transfer from a nonhydrolytic solvent into an aqueous medium; ii) to increase the circulation time in the blood stream by adding poly(ethylene glycol) (PEG) coating, or PEGylation; iii) to enhance the targeting efficiency via conjugation of binding ligands; and iv) to increase the functionality via addition of other components including drugs. Three important issues must be taken into consideration when modifying the surfaces of inorganic NPs. First, the physicochemical properties of the NPs required for a specific imaging modality should not be significantly altered during the modification. If there is extensive aggregation between the NPs or substantial changes to their sizes, shapes, and morphologies, their optical or magnetic properties could be shifted or completely destroyed. Secondly, the molecular structure and conformation of the targeting ligand should be preserved. This could be a major problem for macromolecules such as proteins and antibodies because they can be easily denatured during conjugation [66] [67] [68] , and yet the interaction between a ligand and the receptor on the surface of a cell is extremely sensitive to their chemical and molecular structures [69, 70] . Finally, the surface-modified NPs should be nontoxic for use in biological applications. An organic coating can improve the biocompatibility of inorganic NPs and facilitate a rapid clearance of the NPs from the body, but an unwise choice of an organic layer could also cause the NPs to be cleared from the blood prior to reaching the site of interest. The biocompatibility and toxicity issues surrounding inorganic NPs will be discussed later. In general, every step of surface modification requires careful monitoring to avoid possible aggregation of the NPs and potential denaturation of the targeting ligands, as well as to ensure biocompatibility. Figure 2 shows examples of QDs, iron oxide NPs, and gold colloids whose surfaces have been conjugated with targeting ligands for molecular imaging. Most modifications require more than two steps to attach targeting ligands; some also need pretreatment with an organic or inorganic coating to ensure a good stability for the NPs in a buffer solution and to facilitate the conjugation of targeting ligands [4, 71] . Amphiphilic lipids (e.g., fatty acids) and polymers are useful in stabilizing QDs and iron oxide NPs as they can form selfassembled structures on the surfaces of NPs through hydrophobic interactions [21, 51, 72, 73] . Such treatments can often supply chemical groups for further coupling with the targeting ligands. Coating the surfaces of NPs with silica shells is another way to enhance the stability of these NPs in aqueous media [74] [75] [76] . In this case, organic molecules with various functional groups can be readily attached to the silica surface using the siloxane monolayer chemistry [77, 78] . Among various types of inorganic NPs, the surfaces of gold colloids can be most easily and reproducibly modified with organic molecules through the wellestablished, controllable, and robust monolayer chemistry based on gold-thiolate bonding [79] . When the targeting ligand contains a thiol or disulfide group, it can be covalently conjugated to the surface of a gold NP at room temperature [80] . Prior to bioconjugation, it is beneficial to introduce a stabilizing layer such as PEG chains of various lengths to help maintain the original conformations of the targeting ligands, enhance the stability of gold colloids, and to prolong the circulation times of the resultant conjugates in the blood stream [7, 8, 16, 63] . Figure 2d shows schematics of three typical reactions between the targeting ligands and the organic groups anchored to the surface of NPs. Because the most commonly used targeting ligands are based on antibodies and peptides, amine groups at the amino termini or thiol groups in moieties such as cysteine can be directly employed for bioconjugation through the following coupling reactions: succimidylester-amine, carboxylic acid-amine by means of 1-ethyl-3-(3-dimethylamino propyl)carbodiimide (EDC), and maleimide-thiol.
Delivery and targeting of inorganic nanoparticles
Nanoparticles provide a range of advantages over molecular contrast agents traditionally used for molecular imaging. For example, the differences in vasculatures between normal and cancerous tissues enhance the accumulation of NPs in solid tumors (Figure 3a) . Endothelial cells in normal tissues are well aligned and closely packed, whereas those in solid tumors are relatively leaky [81] [82] [83] . Because of their large sizes, inorganic NPs circulating in the bloodstream cannot easily enter normal tissues yet they can leak into tumor tissues through the dilated blood vessels. This is in contrast to small molecules that enter both normal and cancerous tissues, attenuating their utility for imaging contrast enhancement. The selective accumulation of inorganic NPs in cancerous tissues is commonly known as the enhanced permeation and retention (EPR) effect or passive targeting, and this phenomenon has been extensively explored for the systemic delivery of NPs and macromolecular drugs [17, 18, 84] . Strictly speaking, passive targeting should not be considered as a mechanism of molecular imaging as no specific molecular interaction is involved in the targeting process.
Without targeting ligands, as in the case of PEGylated NPs, the NPs accumulated in the tumor can leach out with time. To maintain the NPs in the tumor and to further increase the efficiency of delivery, it is necessary for them to adhere to or enter the cancer cells once they have reached the tumor site (Figure 3b ). To this end, targeting ligands that can selectively bind to the receptors typically overexpressed on the surfaces of cancer cells can be used. Because the interactions between the targeting ligands and the receptors can be highly selective, NPs bearing the targeting ligands should be retained preferentially by the cancer cells. This phenomenon is commonly referred to as active targeting, which can be combined with passive targeting to achieve maximum localization of inorganic NPs in malignant tissues for the maximal enhancement of contrast. Similar mechanism can also be applied for molecular imaging of other diseases (Figure 3c ) [85] .
It is important to choose a proper targeting ligand to maximize the performance of a NPbased contrast agent for molecular imaging. A summary of the targeting ligands that have been examined for cancer detection is presented in Table 3 [21, 27, [52] [53] [54] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] . Ideally, the targeting ligand should bind exclusively to a receptor on a specific type of cancer cell. Notable examples include both mono-or polyclonal antibodies, antibody of the prostate specific membrane antigen (PSMA) for prostate cancer, and α-melanocyte stimulating hormone (α-MSH) for melanoma. Some targeting ligands, such as RGD (arginine-glycineaspartate) peptides and folic acid, can bind to many types of cancer cells. Therefore, the identification of a targeting ligand is probably the most important step in the design and development of contrast agents for molecular imaging.
Although most of these targeting ligands have been proven to be effective in vitro, the binding capability and efficiency of ligands bound to NPs in vivo is often a different story. This is because the targeted NPs will encounter the reticuloendothelial system (RES) and interact with many types of cells during circulation in the body. During these interactions, the NPs can be cleared by or accumulated in tissues and organs before reaching the site of interest. Therefore, it is of great importance to evaluate and report in vivo targeting efficiency in addition to collecting in vitro data for a targeted NP. Table 4 summarizes the in vivo targeting efficacy of ligands frequently used with inorganic NPs. Although these data are qualitative, they might provide some guidance for choosing the optimum ligand to target various types of cancers.
Biodistribution, clearance, and toxicity of inorganic nanoparticles
In reality, it is impossible to have all injected NPs accumulated at the site of disease. As such, the biodistribution of inorganic NPs has to be considered and optimized from the very beginning. Typically, inorganic NPs administered intravenously are mostly taken up by liver and spleen, with the amount of accumulated particles depending on the particle size, shape, and surface chemistry. There are several reports on the biodistribution of QDs, iron oxide NPs, and gold colloids (Figure 4) [57, [105] [106] [107] [108] [109] . The amount of QDs that accumulate in different organs depends on the size when spherical particles were used (Figure 4a ) [106] and the amount of gold colloids accumulated in different organs differs substantially depending on the geometries of the particles (Figure 4f ) [106] [107] [108] . In addition, it has been reported that the biodistributions of QDs and iron oxide NPs might differ depending on the charges and functional groups on their surfaces [57, 109] .
For all types of inorganic NPs, clearance and toxicity need to be completely evaluated before they can move to clinical development. Ideally, the contrast agents would be nontoxic while in the body and then completely cleared. Clearance usually proceeds through the kidney and liver, depending on the particle size [105, 110] . Clearance of inorganic NPs via the kidney is preferred because it rapidly removes NPs from vascular compartments in their original forms. In addition, this process involves minimal intracellular catabolism, which might cause cytotoxicity. The slit diaphragms between the "foot processes" of the podocytes in the kidney are roughly 43 nm in size [108] , but the functional pore size of these diaphragms is much smaller, typically less than 5 nm [109] . These diaphragms limit the size of NPs that can be excreted through the kidney.
Gold colloids used as contrast agents for X-ray and CT imaging can be as small as 2 nm in size; hence, they can be cleared mostly by renal excretion [14] . Although the core sizes of QDs are usually less than 10 nm, their hydrodynamic diameters could be much larger than the functional pore size of the diaphragms in a kidney [21] [22] [23] 105] . Most gold colloids being evaluated as optical contrast agents are larger than 10 nm in hydrodynamic diameter [7, 8, 63] . The sizes of iron oxide NPs used for MR imaging are usually larger than the pore size of diaphragms, but these NPs can be cleared from the body via other routes such as RES [71] or by degradation [113, 114] . If inorganic NPs are not degraded into ionic forms or small clusters (subnanometer to a few nanometers in size), they might remain in the body for long times. In this case, the spleen and liver are the primary homes for the accumulated NPs. The mechanism of liver clearance is more complicated than that of renal excretion, and most inorganic NPs cannot be degraded and cleared through this mechanism.
The toxicity of inorganic NPs is another critical issue that might hinder their application in biomedical imaging. A recent review by Nel and colleagues suggested that nanomaterials can influence a living organism through different biological pathways [115] . Although QDs affect both cells and tissues, there are some reports claiming that QDs are not significantly toxic [116, 117] . This discrepancy largely results from the diversity of materials being used; hence, toxicity should be studied with QDs having well-defined physicochemical properties [116, 118] . Some QDs might become cytotoxic only after oxidative and/or photolytic destruction of their surface coatings [116] . Iron oxide NPs and gold colloids seem to be less of a concern in terms of toxicity. Iron oxide can be cleared from the body via various routes with minimal toxicity [71, 113, 114] , and gold is bio-inert. For these reasons, several products based on iron oxide and gold NPs are in clinical use or have been approved by the US Food and Drug Administration for phase I clinical trials (see, for example, www.clinicaltrials.gov). To date the toxicity of inorganic NPs has mostly been assessed by nanotechnology researchers; hence a systematic study involving biologists is necessary to reach conclusions regarding the toxicity of inorganic NPs.
Taken together, the clearance and toxicity issues can be a major bottleneck for the clinical use of inorganic NPs as contrast agents. However, it is a trade-off between toxicity and overall health benefit. It remains an urgent and important task to explore new contrast agents based on inorganic NPs for early and accurate detection of diseases even though there is uncertainty about their potential clearance and toxicity.
To avoid the long-term accumulation and possible toxicity of inorganic NPs, it is important to use a minimal dose of NPs for imaging and/or treatment applications. There are several strategies to achieve this goal, with notable examples including: i) development of inorganic NPs with optimized optical, fluorescence, and magnetic properties or having a combination of at least two functions for multi-modal imaging; and ii) improvement of the selectivity and sensitivity of contrast agents by both optimizing their physical properties and by introducing highly selective targeting ligands. Chemists are currently working on the first approach, and inorganic NPs are engineered with state-of-the-art technologies for maximum signal enhancement for each respective imaging modality. As a notable example of an MR imaging contrast agent, as shown in Table 2 , Bouchard and colleagues recently developed goldcoated cobalt NPs with T2 relaxivities over 10 5 times higher than the commercially available iron oxide NPs [59] . Lee and colleagues also tried to combine various types of magnetic elements with iron oxide NPs to improve the relaxivity of established contrast agents [53] . For the optical contrast agents, increasing the scattering and/or absorption cross sections by engineering the internal structures of gold colloids has been a fruitful approach [61] . However, it is important for chemists, biologists, and biomedical scientists to work together in an effort to solve the problem of selective targeting.
Multimodal imaging with inorganic nanoparticles
In order to diagnose malignancy accurately and in an early stage, it is often necessary to use a combination of different imaging modalities simultaneously. As such, there has been a strong interest in developing new imaging techniques based on optical and spectroscopic mechanisms. Notable examples include OCT, PAT, SERS, and multi-photon microscopy. To keep pace with these emerging techniques, inorganic NPs need to be engineered with a variety of properties, and in some cases, they also need to enhance the signals coming from other contrast agents (e.g., organic dyes used for SERS) included in the NPs. In addition, it is often required that the inorganic NPs have at least two different properties for multimodal imaging. Some NPs, such as QD and gold NPs, can exhibit more than two different properties, making them well-suited for multimodal imaging. In addition, inorganic hybrid NPs have been designed for in vivo multimodal imaging ( Figure 5 ) [119, 120] .
The combination of more than two imaging modalities would be beneficial if the two (or more) imaging modalities provide different information about the diseased site. For example, PET can provide a functional data for the tumor while CT and MR imaging offer anatomic information of the body. Therefore, a combination of PET and CT/MR can provide accurate information about the tumor including its location and boundary. For PET and MR imaging, the contrast agents are made of metal (or metal oxide) and radiometal-chelate compounds (Figure 5a ) [119, 121] . QDs can also be combined with the radiometal chelates as a dual contrast agent for both fluorescence and PET imaging, as shown in Figure 5b [120] . Several other multifunctional NPs have also been developed as contrast agents for multimodal imaging. These include gold-coated QDs for optical plus fluorescence imaging [122] , gold-coated iron oxide NPs for optical imaging and MRI [123] , and gold NPs conjugated with Gd-chelate compounds for X-ray imaging and MRI (in vivo) [124] , and QDs conjugated with Gd-chelate compounds for fluorescence imaging and MRI (in vivo) [125] . Silica particles loaded with QDs and iron oxide NPs have also been constructed for both MRI and fluorescence imaging [76] .
Concluding remarks
Many types of inorganic NPs have been proposed and evaluated as potential contrast agents for molecular imaging, but most of them are still being tested in vitro or in vivo with small animals. Although a few of them (e.g., iron oxide NPs for MR imaging) have been approved for clinical use, most are still in development and will need to solve the potential toxicity issue. It is expected that some of the inorganic NPs (e.g., gold colloids) will overcome these hurdles and eventually move into the clinical phase. In addition, recent demonstrations applying similar NPs in new therapeutic settings (e.g., magnetic hyperthermia treatment [126] , photothermal therapy [127] , and controlled release of drugs [128] ) will likely push the field of inorganic NPs into new directions, including their use as theranostic agents for both diagnosis and treatment. Strategies for the bioconjugation of targeting ligands to the surfaces of inorganic NPs. (a) QDs and (b) magnetic NPs are typically hydrophobic or easy to aggregate owing to their magnetic properties, but surface coating is an essential step to ensure their stability and facilitate their conjugation with targeting ligands. Surface coating can be generally achieved using amphiphilic molecules or inorganic materials (e.g. silica), and the targeting ligands can then be added through coupling reactions. (c) The bioconjugation of gold NPs with targeting ligands is easier than the other two types of NPs owing to their ability to form gold-thiolate bonding. As such, the target ligands can be directly coupled to the surfaces of Au NPs or conjugated to the surface of an organic layer (e.g. PEG) that is chemically grafted to the Au surface. Table 1 Inorganic NPs that have been explored as contrast agents for molecular imaging.
Nanoparticle type
Imaging modality Stage of development 1 Ref.
Semiconductor quantum dots Fluorescence imaging in vivo [21] [22] [23] Magnetic NPs Magnetic resonance (MR) imaging Clinical [6, 9, 24, 25] Gold colloids Photoacoustic tomography (PAT) in vivo [16, 26, 27] Surface-enhanced Raman microscopy in vivo [15, 28] Multi-photon luminescence imaging in vivo [29, 30] X-ray computed tomography (CT) in vivo [13, 14, 31] Rare earth-doped NPs Luminescence imaging in vivo [32] MRI and near-infrared imaging in vivo [33] 1 The stage of development is based on the data we could find in literature when this review article was prepared. For examples, the magnetic NPs (especially, iron oxide NPs) have been approved for clinical use so that we denoted this agent as "Clinical". The references shown in the table are based on in vivo imaging with mice.
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Table 3
Targeting ligands used for cancer diagnosis. All cancers Folic acid [102] [103] [104] Abbreviation: VEGF, vascular endothelial growth factor; MMP-2, matrix metalloproteinase 2; HER2, human epidermal growth factor receptor 2; PSMA, prostate-specific membrane antigen; α-MSH, α-melanocyte stimulating hormone.
Annual estimated death in the US (2009).
Table 4
In vivo targeting efficiency of target-specific, ligand-conjugated inorganic NPs. PET imaging 3.8-times higher in accumulation than the nonspecific NPs.
[86] RGD U87MG 3.6-times higher in intensity than the nonspecific NPs 
RGD
HatCat-ras-A-5RT3 25% reduction in T2 than nonspecific SPIO [98] A431 10% reduction in T2 than nonspecific SPIO [98] Gold nanorods EGFR Ca127 PAT 2.8-times higher in PA signal than the nonspecific nanorods [16] HER2 OECM1 2-times higher in PA signal than the nonspecific nanorods [16] Gold nanocages α-MSH receptor B16 PAT 3.6-times higher in PA signal than the nonspecific nanocages [27] Abbreviation: SPIO, superparamagnetic iron oxide.
